Background Industrialization has been linked to the etiology of inflammatory bowel disease (IBD). Aim We investigated the association between air pollution exposure and IBD. Methods The European Prospective Investigation into Cancer and Nutrition cohort was used to identify cases with Crohn's disease (CD) (n = 38) and ulcerative colitis (UC) (n = 104) and controls (n = 568) from Denmark, France, the Netherlands, and the UK, matched for center, gender, age, and date of recruitment. Air pollution data were obtained from the European Study of Cohorts for Air Pollution Effects. Residential exposure was assessed with land-use regression models for particulate matter with diameters of \10 lm (PM 10 ), \2.5 lm (PM 2.5 ), and between 2.5 and 10 lm (PM coarse ), soot (PM 2.5 absorbance ), nitrogen oxides, and two traffic indicators. Conditional logistic regression analyses were performed to calculate odds ratios (ORs) with 95 % confidence intervals (CIs). Results Although air pollution was not significantly associated with CD or UC separately, the associations were mostly similar. Individuals with IBD were less likely to have higher exposure levels of PM 2.5 and PM 10 , with ORs H Bas Bueno-de-Mesquita and Bas Oldenburg are joint last authors.
of 0.24 (95 % CI 0.07-0.81) per 5 lg/m 3 and 0.25 (95 % CI 0.08-0.78) per 10 lg/m 3 , respectively. There was an inverse but nonsignificant association for PM coarse . A higher nearby traffic load was positively associated with IBD [OR 1.60 (95 % CI 1.04-2.46) per 4,000,000 motor vehicles 9 m per day]. Other air pollutants were positively but not significantly associated with IBD. Conclusion Exposure to air pollution was not found to be consistently associated with IBD. 
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Introduction
Inflammatory bowel disease (IBD) is a disabling intestinal condition of unclear etiology affecting over two million people in Europe alone [1] . Both Crohn's disease (CD) and ulcerative colitis (UC), the two main forms of IBD, are thought to result from a complex interplay between the immune system and gut microbiota in genetically susceptible individuals [2] . Yet, the changing epidemiology of IBD supports a key role for environmental factors in the development of this chronic disorder [3] . The incidence of IBD in Western countries has increased over the last century but currently appears relatively stable, whereas a rapid disease emergence is observed in developing nations, where IBD was formerly uncommon [4, 5] . Consequently, industrialization and westernization of lifestyle have been linked to the etiology of CD and UC [3, 6, 7] . Although various risk factors, such as diet [8] , have previously been proposed, these do not fully explain the increase in the incidence of IBD and other environmental changes must therefore be involved [9] .
Air pollution is associated with industrialization and consists of a complex mixture of different substances, such as particulate matter (PM). Although air pollution has mainly been associated with cardiorespiratory disorders [10] , limited experimental and epidemiological data suggest that air pollutants may also exert deleterious gastrointestinal effects [11] . Potential mechanisms by which air pollutants may cause intestinal injury are thought to include direct adverse effects on epithelial cells, alterations in immune responses, or modulation of the gut microbiota [11] [12] [13] [14] .
Epidemiological studies examining the relationship between air pollution and IBD are scarce. In a case-control study from the UK, children and young adults, but not older individuals, living in areas with high-level exposure to nitrogen dioxide (NO 2 ) and sulfur dioxide had an increased risk of developing CD and UC, respectively, indicating possible age-related effects [15] . However, this study was based on regional air pollution estimates, limiting exposure assessment. Therefore, we aimed to investigate the association between residential exposure to ambient air pollution and IBD in a nested case-control study within a multicenter European cohort. Based on previous studies, we hypothesized that air pollution exposure increases the risk of developing CD and UC.
Materials and Methods
Study Population
Subjects were identified from the European Prospective Investigation into Cancer and Nutrition (EPIC) study, a large multicenter cohort investigation designed to explore the association between lifestyle and environmental factors and chronic diseases. The methods of the main study were described previously [16] . In the present study, we made use of cases and controls drawn from a subset of this cohort, namely 227,620 initially healthy men and women recruited from five centers in Denmark, France, the Netherlands, and the UK between 1993 and 2000 (Table 1 ). At baseline, participants provided information on age, gender, habitual diet, and lifestyle factors, including smoking and physical activity, by self-administered questionnaires. Participants' height and weight were measured by trained health professionals or obtained through self-reports.
Exposure Assessment
Air pollution data were obtained from the European Study of Cohorts for Air Pollution Effects (ESCAPE). The ESCAPE project was initiated to investigate the health effects of air pollution within European countries by linking exposure data to health data from ongoing cohort studies, including EPIC [17] . The study areas of ESCAPE generally included major cities with surrounding rural areas and included large regions of the country in some cohorts ( Table 1 ). The methods of the standardized measurement procedures were published elsewhere [18, 19] . In summary, for each study area of ESCAPE, particulate matter with an aerodynamic diameter of \10 lm (PM 10 ), particulate matter with an aerodynamic diameter of \2.5 lm (PM 2.5 ), blackness of the PM 2.5 exposed filter (PM 2.5 absorbance ) (a marker for black carbon or soot), nitrogen oxides (NO x ) and NO 2 were measured within 1 year during three different seasons between 2008 and 2011 in at least 20 sites [20, 21] . The concentration of PM coarse was calculated as the difference between concentrations of PM 10 and PM 2.5 . Subsequently, the annual average concentration of each pollutant was calculated. Air pollution exposure at the baseline residential address of study participants was then estimated by land-use regression models. These models were developed for each pollutant in each study area to explain the spatial variation of air pollution concentrations, taking various geographical factors into account, including altitude, population density, industrial land use, green space, and traffic flow variables. In addition to the air pollution concentrations, within ESCAPE two traffic indicators at the participant's residential address were evaluated: traffic intensity on the nearest road (vehicles per day) and total traffic load on all major roads in a 100-m buffer (sum of traffic intensity multiplied by the length of those roads). Considering that air pollution was measured after enrollment, concentrations were back-extrapolated to the baseline year of each participant according to a standardized protocol used in previous ESCAPE work [17] . Back-extrapolation was only possible for pollutants for which historical data were available.
Cases and Controls
The cohort was followed up until at least June 2004 and in some centers up to December 2009. Individuals with incident CD or UC were identified using population-based disease registries (Denmark, the Netherlands) or follow-up questionnaires (France, the UK). The medical reports of all potential cases were reviewed by local gastroenterologists to confirm the diagnoses and to obtain information on diagnostic investigations and disease extent. In this nested case-control analysis, each case was matched with four randomly selected unique controls for center, gender, age at recruitment (±6 months), and date of recruitment (±3 months). Controls were alive and had no CD, UC, microscopic or indeterminate colitis on the date of diagnosis of their matched case (incidence density sampling). For the present study, only cases with available air pollution estimates could be included. As the selection of controls was performed prior to the current study and the study areas of ESCAPE did not always cover the entire geographical area of the individual EPIC cohorts, air pollution measures were not available for all controls of a case.
Statistical Analysis
Continuous data were expressed as medians with percentiles, because of the skewed distribution. Categorical data were expressed as frequencies with percentages. Correlations between the individual air pollution measures and traffic indicators were assessed using the Pearson correlation coefficient. Air pollutant concentrations were divided into tertiles according to the distribution across all matched controls. Conditional logistic regression analyses were performed to determine the association between air pollution exposure and IBD. Accordingly, associations were assessed within each cohort rather than between study areas. Considering the relatively small numbers of cases, associations were studied for CD and UC separately and combined. Odds ratios (ORs) with 95 % confidence intervals (CIs) were calculated to estimate the risk of IBD according to the different air pollutant concentrations and traffic indicators used as continuous and categorical variables. In a multivariable model, analyses were adjusted for smoking status (categorized into never smoker, former smoker, and current smoker) and socioeconomic status using educational level (categorized into primary school, technical school, secondary school, and higher education) as previous studies documented associations between these factors and IBD [22, 23] . All models for traffic indicators were additionally adjusted for background NO 2 concentration. Trends across tertiles were computed using the median value of each tertile as a continuous variable. In sensitivity analyses, analyses were repeated for air pollutant concentrations back-extrapolated to the baseline year of participants. Twosided p values below 0.05 were considered statistically significant. All analyses were performed using SPSS version 21 (IBM Corp., Armonk, NY, USA).
Ethical Considerations
The original cohort studies were approved by the institutional medical ethics committees. Supplementary Tables 1-5 . These tables show that within cohorts, pollution distributions were generally very similar between cases and controls and that in some cohorts, the concentration ranges of especially PM 2.5 and PM 10 were very small. The correlations between these estimates are presented in Supplementary  Tables 6-10 .
Results
No statistically significant associations were detected between air pollution exposure and either CD (Table 3) or UC (Table 4) , apart from a positive association for total traffic load on all major roads within a 100-m buffer [OR 1.58 (95 % CI 1.00-2.49) per 4,000,000 motor vehicles m per day] in the crude analysis of UC. The effect sizes were largely similar for the univariable and multivariable analyses and for CD and UC. In the crude analysis of CD and UC combined, residential exposure to PM 2.5 was inversely associated with IBD, with an OR of 0.28 (95 % CI 0.08-0.94) per 5 lg/m 3 ( Table 5 ). A positive association was found for total traffic load on all major roads [OR 1.60 (95 % CI 1.06-2.43) per 4,000,000 motor vehicles 9 m per day]. These associations remained statistically significant with similar effect sizes after adjusting for smoking status and educational level in the multivariable analysis. Additionally, PM 10 concentrations were inversely associated with IBD in the multivariable model, with an OR of 0.25 (95 % CI 0.08-0.78) per 10 lg/m 3 . Excluding data of the French cohort, which had the lowest proportion of IBD cases (n = 15) and controls with air pollution measures (n = 20), did not affect the direction of the effect sizes materially (data not shown). The associations for PM 2.5 per cohort are presented in Supplementary Fig. 1 . In the analysis based on tertiles, significant inverse associations were detected for PM 2.5 (p trend = 0.01) and PM coarse (p trend = 0.04) in IBD ( Supplementary Table 11 ). Air pollution estimates back-extrapolated to the baseline year of each participant were generally higher than those during 2008-2011. Although no statistically significant associations were found, the sensitivity analyses for IBD for backextrapolated concentrations of NO 2 , NO x , PM 2.5 absorbance and PM 10 showed similar effect sizes as for nonback-extrapolated concentrations, apart from PM 2.5 absorbance (Table 5 ).
Discussion
In this European multicenter study, no consistent association between residential exposure to ambient air pollution and the risk of IBD was found. The effect sizes were mostly similar for CD and UC separately. Individuals with IBD were less likely to have higher exposure levels of PM 2.5 and PM 10 , whereas a positive association was observed for total traffic load on all major nearby roads. Other air pollutants were mostly positively but not statistically significantly associated with IBD. Although not reaching statistical significance, the effect sizes were broadly similar when back-extrapolating air pollutant concentrations to the participants' baseline year. Numerous studies have confirmed the association of ambient air pollution with a variety of diseases, and several underlying biological mechanisms have been proposed [10, 17, 24, 25] . The link between air pollution and intestinal health is, however, less well established with a few studies showing positive associations with colorectal cancer, appendicitis, and nonspecific abdominal pain [26] [27] [28] [29] [30] . In this respect, the adverse effects of smoking [31, 32] , which may have some resemblance with air pollution, may help indicate the potential impact of air pollution exposure. It is hypothesized that exposure to air pollutants may contribute to the development of intestinal disorders, including IBD, through diverse biological mechanisms. First, ingestion of air pollutants by inhalation or contaminated foods may have direct toxic effects on epithelial cells, which may induce proinflammatory responses and increase gut permeability [11] . Second, various studies have shown that air pollution exposure may result in systemic inflammatory effects, such as changes in circulating cytokines, including tumor necrosis factor alpha [33] . Notably, air pollution has also been related to immunologically mediated disorders that may share some epidemiological and pathogenic aspects with IBD [34] . For instance, exposure to PM 10 has been associated with an increased risk of relapse in multiple sclerosis [35] , whereas traffic exposure has been found to be positively associated with incident rheumatoid arthritis [36] . Third, it is thought that air pollution may modulate the microbial composition of the gut [14] , as recently exemplified in two studies in which PM exposure in mice led to significant alterations in the microbiota and induced acute and chronic intestinal inflammatory responses [12, 13] .
To date, very few epidemiological studies explored the effects of air pollution in IBD. In a nested case-control study from the UK, in the whole population, no significant association between air pollution and incident IBD was ORs are presented for the following increments: 10 lg/m 3 for NO 2 , 20 lg/m 3 for NO x , 5 lg/m 3 for PM 2.5 , 10 -5 m -1 for PM 2.5 absorbance , 10 lg/m 3 for PM 10 , 5 lg/m 3 for PM coarse , 5000 motor vehicles per day for the traffic intensity on the nearest road, 4,000,000 motor vehicles 9 m per day for the total traffic load on all major roads within a 100-m buffer NO nitrogen oxide, OR odds ratio, PM particulate matter, UC ulcerative colitis a Adjusted for smoking status and educational level found [15] . However, children and young adults living in areas with higher levels (within the upper three quintiles) of NO 2 and sulfur dioxide, respectively, were more likely to develop CD [OR 2.31 (95 % CI 1.25-4.28) for individuals aged B23 years] and UC [OR 2.00 (95 % CI 1.08-3.72) for individuals aged B25 years]. Land-use regression models for more refined exposure assessments could not be incorporated in this study. An ecological analysis from the US related hospitalizations for IBD to air pollution emissions from an emission inventory, but was unable to estimate air pollution concentrations [37] . In our study, which included mainly middle aged to elderly people, we observed opposing associations. This could indicate that different pollutants have differential effects in specific groups. For example, younger people (with a developing immune system) might be more susceptible to air pollutants as compared to older people. Importantly, children and young adults are also likely to spend more time outdoors and near their home, which may increase and better reflect true personal exposure. Exposure assessment may therefore be more accurate in these individuals. There were no statistically significant associations for CD and UC separately, which presumably resulted from the relatively small numbers of cases. Disease-specific results may exist, as previously observed, for example, in the opposing associations for smoking between CD and UC [22] , although the effect sizes were mostly similar for both forms of IBD in our study. We observed inverse associations for some pollutants, which appeared largely consistent across centers and in the analyses using pollution exposure as continuous and categorical variables. It remains unclear whether these associations reflect a true causal relationship or that these pollutants are a proxy for other variables. Interestingly, in the earlier mentioned study, PM 10 and NO 2 concentrations were inversely associated with CD in individuals aged 44-57 years with ORs of 0.48 (95 % CI 0.29-0.80) and 0.56 (95 % CI 0.33-0.95), respectively [15] , demonstrating that inverse associations have previously been observed in older patients in another population using a different methodological approach. Overall, despite previous data suggesting that air pollutants may negatively impact IBD, no coherent associations have currently been confirmed to draw firm conclusions on the putative adverse effects of air pollution exposure in CD and UC, indicating the need for further research. This study had several strengths. First, the multicenter design enabled us to explore the association between air pollution and IBD in several European countries. Second, a significant advantage over previous studies was the use of land-use regression models to accurately determine smallscale variations in residential exposure to air pollution and traffic intensity for each participant according to a highly standardized protocol. Third, both cases and controls were drawn from the same baseline population, thereby reducing the risk of selection bias. Fourth, to ensure case ascertainment all diagnoses were confirmed by local physicians and participants with indeterminate or microscopic colitis were excluded. Fifth, the number of cases was similar to what was expected, which reduces the likelihood of followup bias [38] . Despite nesting in a well-characterized cohort, the limited sample size was an important drawback and our study may have been underpowered to detect statistical differences. Therefore, we chose to evaluate outcomes for CD and UC separately and for total IBD. Furthermore, air pollution estimates were assessed only at the residential address of each participant and not, for example, at their working address, where individuals may also be exposed. This could have resulted in misclassification of exposure. Moreover, air pollution was measured after diagnosis, which was a general issue in epidemiological studies using ESCAPE exposure data, such as in a previous study linking air pollution to mortality [17] . However, previous studies show that spatial air pollution contrasts remain stable over long periods of time and are well predicted with land-use regression models [39] [40] [41] [42] [43] . Using back-extrapolation, we evaluated the association for some pollutants at the baseline year of each participant, with effect sizes being broadly similar to the main analyses. It has been estimated that most of the participants did not move after enrollment [17] , but exact data on moving were unavailable for all centers. The majority of cases developed IBD over the age of 50 years, indicating late-onset IBD, whereas CD and UC commonly present at an earlier age. This limited the opportunity to study age-specific effects, and the results may therefore not be generalizable to the whole IBD population as other phenotypes may have different environmental influences. Considering the limited sample size and multiple comparisons, we cannot entirely exclude that our results are due to chance findings. Finally, although we were able to either match or adjust for potential confounders, such as center and smoking, residual confounding (by unknown risk factors) could not be fully excluded in this observational study.
To conclude, we were unable to demonstrate a consistent association between residential exposure to ambient air pollution and IBD risk in this European multicenter cohort.
